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• Gauge U(1)  Model  and  Z’  particle

• Muon  Collider  Search

• Gravitational  Waves  from  first order phase  transition



The Standard Model
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• The Success of 

• Standard Model:

• Prediction and discovery of W, Z, t, H

• Precision Measurement of Electroweak

……

• inly Not !

The Standard Model
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• Is Standard Model the 

Final Theory?

• Certainly Not !

The Standard Model
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• Is Standard Model the Final 
Theory?

• Certainly Not !

• Certainly not!

• Dark Matter

• Neutrino Masses

• Matter-Antimatter Asymmetry

• ……

The Standard Model



• The SM Symmetries:

• 𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌

The  Model  Symmetries
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• Extra Symmetry:

𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌  ×U(1)’
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• Extra Symmetry

𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌  ×U(1)’

• What are the consequences of the new symmetry?

         

The  Model  Symmetries
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• Extra Symmetry

𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌  ×U(1)’

• What are the consequences of the new symmetry?

         

           New gauge boson, Propagator of New force, Leptophilic

           to produce the Z’ massΦ 

𝑍′ 

The  Model  Symmetries
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• Simplest Extension                            Searching New Particles at Colliders

           [G.Huang, F.S.Queiroz, W.Rodejohann, arXiv:2101.04956]

Why  Studying  this  Model ?
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• Simplest Extension                            Searching New Particles at Colliders

           [G.Huang, F.S.Queiroz, W.Rodejohann, arXiv:2101.04956]

• Anomalous Magnetic Dipole Moment  (𝑔 − 2)𝜇

          [P. Fayet, arXiv:hep-ph/0702176]

• Gravitational Waves Generation

          [R. Jinno, M. Takimoto, arXiv: 1604.05035]

• Mediator to the Dark Sector

          [W. Altmannshofer, S. Gori, S. Profumo, F. S. Queiroz, arXiv: 1609.04026]

Why  Studying  this  Model ?
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Model  B-L 
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[Basso, Belyaev, Moretti, Shepherd-Themistocleous(2008)]

Model  B-L 
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B-L model Variant:
𝐿𝑒 − 𝐿𝜇 , 𝐿𝑒 − 𝐿𝜏 , 𝐿𝜇 − 𝐿𝜏 Models

𝐿𝜇 − 𝐿𝜏  Model 
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B-L model Variant:
𝐿𝑒 − 𝐿𝜇 , 𝐿𝑒 − 𝐿𝜏 , 𝐿𝜇 − 𝐿𝜏 Models

𝐿𝜇 − 𝐿𝜏  Model 

New coupling
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Ignore lepton masses

Z’ Particle
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No RH LH difference

Ignore lepton masses

Prompt decay 

Z’ Particle

Proper decay length:
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Current Constraints



9

LHC: ATLAS, CMS
Neutrino scattering: LSND,TEXONO
LEP, IceCube, (𝑔 − 2)𝑙

Current:

Current Exclusion Bounds



Muon Collider Searching



With Initial State Radiation (ISR)

Z’ Particle On-Shell (resonance) Production
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With Initial State Radiation (ISR)

Z’ Particle On-Shell (resonance) Production

𝜇+ 𝜇−𝛾

Z’

𝜇+ 𝜇−
𝛾

Si Wang (PITT)              Searching for heavy leptophilic Z’: from muon collider to gravitational waves                         10   



𝑠 = 3 TeV
𝑀𝑍′ = 500 GeV
g’=0.2

propagator:

peak

With Initial State Radiation (ISR)

Z’ Particle On-Shell (resonance) Production
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Significance:

For 𝑀𝑍′ from 100 GeV to 3TeV

𝑠 = 3 TeV
𝑀𝑍′ = 500 GeV
g’=0.2

(equivalent to 95% CL)

B

S

S = 𝑁𝑆𝑀+𝑍′ − 𝑁𝑆𝑀 =  𝜖 ℒ 𝜎𝑆𝑀+𝑍′
− 𝜎𝑆𝑀

B = 𝑁𝑆𝑀 = 𝜖 ℒ 𝜎𝑆𝑀

Whizard

With Initial State Radiation (ISR)

Z’ Particle On-Shell (resonance) Production                        Sensitivity
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𝑠 = 3 TeV
𝑀𝑍′ = 500 GeV
g’=0.2

With Initial State Radiation (ISR)

Pre-selection Cuts:

Z’ Particle On-Shell (resonance) Production           Selection Cuts

Si Wang (PITT)              Searching for heavy leptophilic Z’: from muon collider to gravitational waves                         13   



𝑠 = 3 TeV
𝑀𝑍′ = 500 GeV
g’=0.2

With Initial State Radiation (ISR)

Pre-selection Cuts:

Optimization Cuts:

𝜏

Z’ Particle On-Shell (resonance) Production           Selection Cuts
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Exclusion(2𝜎) and Discovery(5𝜎) lines

Z’ Particle On-Shell (resonance) Production
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Below 2 sigma significance

𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1



Charge Current (CC) VBF

Neutral Current (NC) VBF

Vector Boson Fusion (VBF) Background
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(CC)

(NC)

Vector Boson Fusion (VBF) Background
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Additional Optimization Cuts:

Z’ Particle On-Shell (resonance) Production           System Rapidity Cut
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Additional Optimization Cuts:

Z’ Particle On-Shell (resonance) Production           System Rapidity Cut
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𝜇+ 𝜇−

𝛾

Z’

Additional Optimization Cuts:

Z’ Particle On-Shell (resonance) Production           System Rapidity Cut
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Final Significance Plots



𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1Muon Collider

Significance Plot
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𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1

Muon Collider

Significance Plot
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𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1

Muon Collider

Significance Plot
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𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1

Muon Collider

Significance Plot
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𝑠 = 3 TeV
ℒ = 1 𝑎𝑏−1Electron Collider

Significance Plots
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Gravitatioanal Waves Part



New  Scalar  Field   Effective  Potential Φ 
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New  Scalar  Field   Effective  Potential Φ 

scalar

boson

Fermion

Image credit: Arthur Wu
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New  Scalar  Field   Effective  Potential Φ 

Image credit: Arthur Wu
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New  Scalar  Field   Effective  Potential Φ 
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arXiv:2009.02050



New  Scalar  Field   Effective  Potential
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First  Order  Phase  Transition
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Image credit: Cambridge U 



First  Order  Phase  Transition

Image credit: 
Giulio Barni
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First  Order  Phase  Transition
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First  Order  Phase  Transition

Bubble nucleation rate: 

Nucleation Temperature when:

Vacuum energy density:

Inverse timescale:

Gravitational Waves: 

(Transition temperature)

Bubble wall velocity: 
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Gravitational Waves Constraints
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1. 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌 ×U(1)’

2. adding system rapidity cut 
enhanced the sensitivity

New particles:  
gauge boson Z’ and singlet scalar  𝜙

𝐒𝐮𝐦𝐦𝐚𝐫𝐲

3. Gravitational Waves can be 
     a complementary to the collider constrainsts



For 𝑀𝑍′ 3 TeV to 10 TeV

Chi square:

𝑠 = 3 TeV
𝑀𝑍′ = 500 GeV
g’=0.2

Off-Shell Z’ Particle  Production               Method
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Model   𝐿𝜇 − 𝐿𝜏                         Back Up 

5



Anomaly Cancellation
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Mass region: MeV-100 GeV

1.Beam dump experiments
& fixed target experiments

( SLAC E137, Fermilab E774, Orsay;
 SHiP…)

Current

Future

Bremsstrahlung meson production

2.Neutrino Experiments

(COHERENT, Charm-II, Texono…) 

[M. Bauer, P. Foldenauer, J. Jaeckel(2018)]Current  Constraints

7



Mass region: MeV-100 GeV

3.Collider Experiments

Current

Future

(ATLAS, CMS, LHCb, BaBar, KLOE…)

4. White Dwarf Cooling

[M. Bauer, P. Foldenauer, J. Jaeckel(2018)]Current  Constraints

8



[G. Huang, F.S. Queiroz, W. Rodejohann(2021)]]

Mass region: 0.1 TeV to 100 TeV
Neutrino Trident Exeperiment:

Current  Constraints

should consider VBF background
9



Z-Z’ Mixing

4

Mixing term



Width:

No RH LH difference

Z’ Particle Width

Ignore lepton masses

Prompt decay 
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On-Shell Z’ Particle  Production                    System Rapidity Cut

(momentum conservation)

(the energy-momentum relation)
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Directly Coupled to Z’ Particle

(Mono Photon)
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Indirectly Coupled to Z’ Particle
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electron beams

e
e𝑒+

𝑒−



• B-L

Back Up



Why  are  Atoms  so  Small?
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Credit: Ben Gilliland

The Gravitational Waves Spectrum

Advanced LIGO
+
Virgo

LISAIPTASKA
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